Abstract This study aimed to investigate the metastable zone width (MSZW) and the nucleation order of carbamazepinesaccharin (CBZ-SAC) co-crystals via slow cooling crystallisation, to obtain the kinetic value using Kashchiev-Borissova-Hammond-Roberts (KBHR) technique and to deduce the induction time, the radius of the critical nucleus and the interfacial energy of the CBZ-SAC co-crystals via fast cooling. Slow cooling experiments with cooling/heating rates of 0.8, 0.6, 0.4 and 0.2°C min -1 were applied to determine the crystallisation and the dissolution temperature of CBZ-SAC co-crystals at SAC:CBZ ratios of (3.5, 3.0, 2.5, 2.0 and 1.0) and CBZ concentrations of 19.14, 17.96, 17.06 and 15.83 mg mL -1 . Then, fast cooling experiments were run at CBZ concentration of 17.96 mg mL -1 and SAC:CBZ mole ratio of 2.0. Nucleation kinetics, such as MSZW, nucleation order, nucleation kinetic constant and interfacial energy, was determined and analysed. KBHR method was applied to analyse the kinetics value and compared with isothermal method. The nucleation orders obtained from slow cooling method were in between 1.65 and 4.9, which were within the range for nucleation of organic compounds. The results of KBHR method in determining the kinetic values of CBZ-SAC co-crystals were similar to those of the isothermal method.
Introduction
Metastable zone is the area between solubility and supersolubility curves, where a solution is supersaturated and spontaneous crystallisation is unlikely to occur. This region is vital for crystallisation process because the supersaturation can be controlled within this region to obtain the desired crystal properties. The optimisation of a crystallisation process and the quality of the formed crystal can be controlled when the crystallisation occurs within the metastable zone [1, 2] . The factors affecting the metastable zone width (MSZW) are cooling/heating rates, solution temperature, impurities or seeds, stirring rate, and solvent [3] [4] [5] .
In the recent decade, co-crystal has been one of the major interesting research subjects due to its ability to enhance the physicochemical properties of active pharmaceutical ingredients (APIs), such as solubility, stability, dissolution rate, bioavailability and compressibility [6] [7] [8] . Co-crystals are defined as ''solids that are crystalline single-phase materials composed of two or more different molecular and/or ionic compounds generally in a stoichiometric ratio which are neither solvates nor simple salts'' [9] . Co-crystal is known as pharmaceutical co-crystal when one of the co-formers is an API [8, 10] . In pharmaceutical industry, the physicochemical properties of the API play an important role to ensure that the drug is a cost-effective, safe and efficient [11] [12] [13] . The study of kinetics and nucleation mechanism is surely important in designing and controlling of the shape and size of the final crystalline product. Therefore, by understanding the fundamental of co-crystal nucleation process, the desired physicochemical properties of the API can be achieved [14] .
The present study aimed to address the kinetics of carbamazepine-saccharin (CBZ-SAC) co-crystals in ethanol solution at various CBZ concentrations and different SAC:CBZ molar ratios. The MSZW and the nucleation orders were obtained via slow cooling. Furthermore, the kinetics of the CBZ-SAC co-crystals were evaluated following the polythermal methodology modelled by Kashchiev-Borissova-Hammond-Roberts (KBHR) [15] . The fast cooling experiments were performed to validate the kinetics value obtained from KBHR approach.
Theory for the determination of nucleation kinetics Nyvlt method
Nyvlt introduced a polythermal method to determine the kinetics of nucleation [16] . This method is the most commonly used method to date [2, 17] . The nucleation rate, J, is expressed by:
where k = nucleation rate constant, m = nucleation order, and DC max = the absolute supersaturation/kgm -3 . DC max is defined as a function of the maximum possible undercooling, DT max , using the equation:
DT max = MSZW, which was derived from the difference between the crystallisation temperature and the saturation temperature.
The nucleation rate was the rate at which supersaturation was achieved when the first nuclei was detected. J is also defined as:
where R = cooling rate. By substituting all these equations, the following expression is obtained:
By plotting ln R versus ln MSZW, the value of m and k was calculated. Nucleation order, m, was the slope of the graph, and the intercept of the graph, b, is:
By substituting the value of b and m, the nucleation kinetic constant, k, is calculated.
KBHR method
The method was explained in detail by Camacho et al. [3] and Turner et al. [15] . In brief, the critical undercooling, DT c , was the difference between the equilibrium solubility temperature, T e , and the crystallisation temperature, T crys :
Then, the dimensionless relative critical undercooling, u c , is defined by:
The graph of ln u c against ln R resulted in a straight line. If the slope was higher than 3, then the nucleation process was a progressive nucleation. Otherwise, the nucleation was instantaneous. In progressive nucleation, the formation of nuclei occurred at varying temperature, resulting in different crystallite sizes. To proceed further, the inequalities u c \ 0.1 and au c \ 1 must be met. The value of molecular latent heat of crystallisation, a, is defined as:
where k = the molecular latent heat of crystallisation and j = the Boltzmann constant. Next, the values of ln R0 and a 2 are solved from the equation:
where the value of a 1 = 3. R0 is a parameter related to the dependence of u c on R. This was solved via the least-square method. Lastly, the interfacial energy, c eff , the radius of critical nucleus, r*, and the molecular number of critical nucleus, i*, are calculated from the following equations:
where k n = the nucleus shape factor, and V m = the molar volume in the crystal.
Induction time measurement
Nucleation rate is expressed as:
where A = the pre-exponential factor, c = the interfacial energy, V m = the molar volume, j = the Boltzmann constant, T n = the nucleation temperature and S = supersaturation. In general, the induction time was inversely proportional to the nucleation rate:
Substituting Eq. (14) into Eq. (13) resulted in
The graph ln t ind against (ln S) -2 at constant temperature yielded a straight line with a gradient,
The interfacial energy is calculated by the following formula:
The critical size nucleus is defined as:
and the molecular number of critical nucleus is defined as:
Materials and methods
Materials and apparatus
Carbamazepine (CBZ) was purchased from ECA International Corporation (Palatine, Illinois, USA). Saccharin (SAC) and analytical-grade ethanol (EtOH 99.4%) were bought from Sigma-Aldrich (M) Sdn. Bhd. (Kuala Lumpur, Malaysia). The vacuum-jacketed glass reactor was supplied by Syrris Ltd. (Royston, UK). The automation control of reaction parameters was attached to the reactor, in which Globe Reactor Master provided data logging, controllable via PC. Atlas HD Turbidity probe from Syrris Ltd.
(Royston, UK) was used to detect nucleation.
Slow cooling experiment
The initial suspension (3.5 SAC:CBZ mole ratio and CBZ concentration, q CBZ of 19.14 mg mL -1 in 200 mL ethanol) was heated to 60°C, which was higher than the dissolution temperature. The stirred mixture was kept at 60°C for 40 min to ensure that the solid was fully dissolved. The solution was afterwards cooled at 0.2°C min -1 until the crystal was formed. The point where the turbidity value started to increase was taken as the crystallisation temperature, T crys . The solution was heated once more to 60°C for 40 min to completely dissolve the solid. The steps were repeated with a new cooling rate (0.4, 0.6 and 0.8°C min -1 ) to obtain the crystallisation temperature at these different cooling rates. In determining the dissolution temperature, T diss , the solution was dissolved at 60°C for 40 min and cooled with a fixed rate of 0.6°C min -1
. Once the crystal was formed, the temperature profile was kept constant for 40 min. The solution was then heated with the rate of 0.2°C min -1 . The dissolution of the crystal was noted by a decrease in turbidity value. The crystal was fully dissolved, when the turbidity value remained constant and this point was recorded as dissolution temperature, T diss . The experiments were repeated with different heating temperatures (0.4, 0.6, and 0.8°C min -1 ) to obtain the dissolution temperature at these different heating rates. The experiments were repeated three times with different SAC:CBZ mole ratios (3.0, 2.5, 2.0 and 1.0) and different CBZ concentrations, q CBZ (17.96, 17.01 and 15.83 mg mL -1 ).
Fast cooling experiment
The crystal with CBZ concentration, q CBZ of 17.96 mg mL -1 and SAC:CBZ mole ratio of 2.0 was heated in 200 mL ethanol at 50°C for 40 min to ensure the complete dissolution of solids. The temperature of the solution was reduced to 32°C at 1°C min -1 . Then, the temperature was maintained until the crystal was formed. The time, t ind , between the isothermal temperature and the formation of crystal was recorded. The procedure was repeated at different isothermal temperatures of 36, 40 and 44°C.
Results and discussion
Kinetics data from slow cooling experiment Figure 1 shows the crystallisation, T crys , and dissolution temperatures, T diss , plotted against the cooling and the heating rates for the different CBZ concentrations and SAC:CBZ mole ratio of 2.0. The MSZW increased as the cooling rate increased and that T crys and T diss were proportional to CBZ concentrations. The kinetic value of CBZ-SAC co-crystals resulting from Nyvlt method is summarised in Table 1 . The average value of nucleation order, m, was 4.23, which was an appropriate value for an organic compound (1.65-4.9) [18] .
The graphs (Fig. 1) were extrapolated at the y-axis to obtain the value of T diss and T crys at equilibrium. These values are plotted in Fig. 2 . The trend showed that the MSZW decreased with increasing SAC:CBZ mole ratio for The results from Fig. 1 were further analysed. The extrapolated values of T diss and T crys at equilibrium were plotted against CBZ concentration. Figure 3 illustrates the solubility and supersolubility curves at SAC:CBZ mole ratio of 2.0. It showed the correct trend for solubility, where the concentration increased as the temperature increased. The region between solubility and supersolubility curves represented the MSZW. The R-square values for both curves showed strong correlation between concentration and temperature.
Kinetics data from KBHR approach
The results from slow cooling experiments were analysed using KBHR method. The values of T crys , T diss , T e , DT c and u c for SAC:CBZ mole ratio of 2.0 are listed in Table 2 . Following the method, the graph ln R against ln u c resulted in a straight line as evident in Fig. 4 . The slope of the bestfit straight line for the graphs for all concentrations is presented in Table 3 . All values were greater than 3, which indicated progressive nucleation. To proceed further, the inequalities u c \ 0.1 and au c \ 1 must be met. The value of a is obtained from Eq. (8), where k = 8.98 9 10 -20 J, and J = 1.38 9 10 -23 . Since the inequalities were met, the values of ln R0 and a 2 are determined from Eq. (9). The least-square method yielded the values of ln R0 and a 2 , given a 1 = 3 and k n = 16p/3 for spherical nuclei. The values of a 2 and R0 are listed in Table 3 . Then, the interfacial energy, c eff , is calculated from Eq. (10) with the molar volume, V m = 9.57 9 10 -28 nm 3 . Lastly, the values of r* and i* were calculated based on the maximum and the minimum values of relative critical undercooling, u c , for each concentration. The values of c eff , r* and i* are recorded in Table 4 .
Fast cooling analysis
In the fast cooling experiments, the induction time, t ind , which was the time taken to create the first nuclei at a specific temperature in supersaturation state, was recorded. In this experiment, the suspension with the CBZ concentration, q CBZ of 19.76 mg mL -1 and SAC:CBZ mole ratio of 2.0, was chosen due to the range of T crys and T diss value, which was neither too low nor too high (MSZW between 47.55 and 27.84°C). The isothermal temperature in this experiment was within the MSZW region or supersaturated solution, in which the nucleation has a possibility to occur. As expected, longer time was needed to create nuclei if the target (isothermal) temperature is close to the solubility curve, whereas the induction time was shorter as the target temperature approached the supersolubility curve. Following Eq. (15), the graph t ind against (ln S) -2 is plotted (Fig. 5 ), resulting in a straight line, in which slope was calculated to determine the interfacial energy and the critical size nucleus of the system. Equations (17)- (19) are resolved using the molar volume, V m = 9.57 9 10 -28 nm 3 . The results are listed in Table 5 .
When comparing the values from KBHR and fast cooling method, the values of interfacial energy were similar to a slightly lower value from the fast cooling method. Compared to the KBHR results, the values of r* were twofold lower in the fast cooling method and the i* values were 2-10 times higher for isothermal method, owing to the multi-fold numbers of nuclei created via isothermal method [3] .
Conclusions
The nucleation kinetics of CBZ-SAC co-crystals could solely be obtained using KBHR method. It is not necessary to perform isothermal or fast cooling experiments. The MSZW obtained from slow cooling experiments showed a high correlation between MSZW and cooling or heating rate, as well as CBZ:SAC mole ratio. However, the change in CBZ concentrations did not yield a significant difference in MSZW. The nucleation order obtained from the slow cooling experiment was an acceptable value because it was within the range of organic compound. 
